Introduction
============

The first clinically used intrauterine devices (IUDs) were introduced by Richter and Pust and later Grafenberg in Germany.[@b1-ijwh-10-165]--[@b3-ijwh-10-165] All three made IUDs using the material which was available at the time. These materials were rigid and difficult to insert and their geometrical shape would have caused significant to extreme distortion of the endometrial cavity. This was naturally accompanied by pain, bleeding, and discomfort, and even infection.

The plastics revolution of the 1950s helped Lippes design the Lippes Loop IUD which was made of polyethylene impregnated with barium sulfate. It was malleable and would retain its shape and could be withdrawn into an inserter tube and injected into the endometrial cavity where it would resume its original shape.[@b4-ijwh-10-165] It worked because it had a surface area of at least 600 mm^2^, which is about the surface area that plastic only IUDs require to be effective.[@b5-ijwh-10-165] The Loop came in four sizes which were crudely based on the uterine dimensions reported in Dickinson's book on human sexual anatomy. These dimensions are too large for the dynamic uterine cavity in vivo. Although the insertion procedure was much more tolerable than that of the earlier devices, the experience during subsequent usage was still problematical due to distortion of the uterine cavity by the oversized loops. This was true even of the smallest size. The extent of this IUD-induced increase in menstrual blood loss (MBL) appears to be related to the size of the device. The greater the size of the device, the greater the amount of MBL. The Lippes Loop, one of the larger IUDs developed, has been shown to result in an increase of up to 140% in MBL during the first year after insertion.[@b6-ijwh-10-165] In the late 1960s, the antifertility effect of copper was discovered by Chang at the Worcester Institute in Massachusetts. Its antifertility effect was exploited for use as an intrauterine contraceptive by attaching it to a "7" shaped plastic frame (Zipper) or a "T" shaped plastic frame (Tatum). The anatomical basis for the shape and size of these frames was Dickinson's work.[@b7-ijwh-10-165] With hindsight and the benefit of modern high-resolution ultrasound, we now know that the original size of most of these plastic frames was too large.[@b8-ijwh-10-165],[@b9-ijwh-10-165] More surprising is that these original sizes have gone largely unaltered in the light of this new evidence.[@b8-ijwh-10-165]

A frame is like a skeleton -- it gives stability and the ability to withstand collapsing and gravitational forces, which is why vertebrates have them. Invertebrates, like the octopus, do not have skeletons (frames) and cannot withstand these forces but can resist compressive forces by molding their bodies to fit very small and changing spaces. In order to successfully occupy a hollow muscular organ like the uterus, an IUD does not need to be able to resist collapsing and gravitational forces -- it needs to be able to adapt to small liquid potential spaces. An IUD needs to be able to fit and adapt to these small liquid filled spaces which are continually changing with uterine muscular activity and contractions. Ideally, it needs to be able to mold and change its shape effortlessly to that of the endometrial cavity; in other words, it ideally really needs to be frameless and without a skeleton. Just how small and changeable is the endometrial cavity?

Methods
=======

The uterus itself most closely approximates the geometrical shape of a prolate ellipsoid.[@b10-ijwh-10-165] The endometrial cavity is a hollowed-out space which appears to be fairly symmetrical within the uterus itself. Additionally, since we can eliminate the cervix and the cervical canal (which are not part of the endometrial cavity), the endometrial cavity itself can be assumed to also take the shape of a prolate ellipsoid, and in fact removal of the cervix ensures that the cavity more closely approximates a prolate ellipsoid than does the whole uterus. The volume of a prolate ellipsoid is given by the following formula: $$V = 4/3\pi \times L/2 \times W/2 \times \text{AP}/2$$where *V* = volume of the endometrial cavity (mL)

π\~3.14

*L* = length (fundus to internal os of endometrial cavity)

*W* = width (between cornual ostia of endometrial cavity)

and AP = anteroposterior diameter of the endometrial cavity perpendicular to *L*.

Endometrial cavity volume has been measured and varies between 5 and 10 mL.[@b11-ijwh-10-165]

Transfundal endometrial cavity width varies widely from as little as 7 mm in very narrow cavities to the more usual 22--34 mm depending on parity. There is a wide variation in uterine measurements, but it is possible to calculate boundary values which will accommodate most sizes and volumes.

Results
=======

[Table 1](#t1-ijwh-10-165){ref-type="table"} gives representative values for a range of volumes and for a range of endometrial cavity widths and lengths. It was obtained by using extreme values of volume and lateral longitudinal uterine cavity measurements to calculate AP dimensions using the prolate ellipsoid formula given in the previous section. For example, in a low-volume endometrial cavity of length 40 mm and width 38 mm, the equation shows that the AP diameter would be 6 mm.

During uterine contraction, the endometrial cavity is distorted even further, which can reduce the value of these dimensions. An IUD which has 2 or 3 dimensions needs a large enough size to anchor but should not be so large as to cause problems.[@b12-ijwh-10-165] A one-dimensional IUD cannot form a dimensional anchor and needs to be tethered to the uterine wall if it is to remain in place, eg, Gynefix.[@b12-ijwh-10-165]

Discussion
==========

The external longitudinal and internal circular muscle fibers of the uterus are a continuation of the tubal muscle fibers. In addition, there are circular fibers which sweep around the uterus in both clockwise and counterclockwise directions.[@b7-ijwh-10-165] Uterine muscular contractions sweep down through the myometrium from the fundus to the cervix. This arrangement of the muscle fibers means that the endometrial cavity dimensions will change in all three axes (L, W, AP), ie, there will be three-dimensional change in the endometrial cavity.

While not all IUD-related problems are related to dimensional incompatibility between the IUD and the endometrial cavity, it is likely that mismatch between the size of the IUD and the uterine cavity is certainly not optimal and can only be detrimental to device performance.[@b9-ijwh-10-165] It follows logically therefore that the greater the number of dimensions an IUD has, the greater the chance it has of being incompatible with the endometrial cavity in one of its three dimensions. This is because it would have to be compatible with the length, width, and AP diameter of the endometrial cavity. [Figure 1](#f1-ijwh-10-165){ref-type="fig"} shows a severely distorted uterine cavity due to a manifest discrepancy between the IUD and the endometrial cavity.

This also explains why the "Intrauterine ball," a three-dimensional device with a flexible nitinol frame has been associated with expulsion problems ([Figure 2](#f2-ijwh-10-165){ref-type="fig"}).[@b14-ijwh-10-165]

Our previous models have only examined static two-dimensional changes. While it is difficult for framed devices to accommodate to changing lateral (and sometimes linear) dimensions, it is virtually impossible for them to simultaneously adapt to changing AP dimensions as well, since they would be subject to changes of force in three dimensions. This produces a three-dimensional squeeze which, at worst, is possibly responsible for secondary perforation[@b15-ijwh-10-165] but leads to the user experiencing pain and discomfort, often accompanied by embedment ([Figure 3](#f3-ijwh-10-165){ref-type="fig"}).

Only a frameless IUD which behaves analogously to an invertebrate can adapt to the changing and very small spaces in an "octopus-like" manner. Thus, it is able to adapt to sit comfortably in low-volume, flexed, and/or distorted endometrial cavities ([Figure 4](#f4-ijwh-10-165){ref-type="fig"}). A multicenter study found a maximal cavity width \<20 mm in 32% of nulliparous women. Due to the small volume of the frameless IUD, the impact on amount of MBL is also minimal.[@b16-ijwh-10-165]

Conclusion
==========

There are two main limitations to the dimensional approach toward IUD design. First, the size of the endometrial cavity is very variable, so an IUD of any one size is not able to fit a wide range of cavities. Second, the uterus will sometimes show tolerance to what appear to be ill-fitting devices. The problem of one-dimensional IUDs is that presently they are anchored by "harpooning" into the myometrium. This technique requires insertion training and is tissue invasive.[@b15-ijwh-10-165] However, proficiency is easily acquired for those who are skilled IUD providers. Evidently, a one-dimensional frameless IUD that is self-adherent to the endometrial cavity would appear to be optimal, but this may not be technically feasible.
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![Severe distortion causing bleeding and pain[@b13-ijwh-10-165] due to incompatibility of the large T-shaped IUD and the narrow uterine cavity.\
**Note:** Figure provided courtesy of Dr Wildemeersch.\
**Abbreviation:** IUD, intrauterine device.](ijwh-10-165Fig1){#f1-ijwh-10-165}

![2D sagittal ultrasound of uterus with IUB (arrow) in lower uterine segment and upper part of the cervical canal.\
**Notes:** Forceful uterine contractions displace the IUD in the cervical canal prior to expulsion. Figure provided courtesy of Dr Wildemeersch.\
**Abbreviation:** IUD, intrauterine device; IUB, intrauterine ball.](ijwh-10-165Fig2){#f2-ijwh-10-165}

![Transverse arms embedded in the side wall of the uterus caused by disharmony of the IUD with the uterine cavity.\
**Note:** Figure provided courtesy of Dr Wildemeersch.\
**Abbreviation:** IUD, intrauterine device.](ijwh-10-165Fig3){#f3-ijwh-10-165}

![3D of frameless IUD in uterine cavity with maximal width of 15.07 mm.\
**Note:** Figure provided courtesy of Dr Wildemeersch.\
**Abbreviation:** IUD, intrauterine device.](ijwh-10-165Fig4){#f4-ijwh-10-165}

###### 

Endometrial cavity and volume relationships[a](#tfn1-ijwh-10-165){ref-type="table-fn"}

  Volume (mL)   Length (mm)   Width (mm)   AP (mm)   Comments
  ------------- ------------- ------------ --------- ---------------------------------------
  5             25            20           19.12     
  5             40            38           6.29      AP much smaller than length and width
  10            25            20           38.24     
  10            40            38           12.61     
  7.5           32.5          29           15.22     

**Note:**

AP diameter calculated from the prolate ellipsoid formula using known volume, length, and width measurements.

**Abbreviation:** AP, anteroposterior.
